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(57) ABSTRACT

Provided 1s a semiconductor device of the embodiment

including: an oxide semiconductor layer; a gate electrode; a
first electrode electrically connected to one portion of the
oxide semiconductor layer, the first electrode including a
first region, second region, a third region, and a fourth
region, the first region disposed between the first portion and
the second region, the first region disposed between the third
region and the fourth region, the first region containing at
least one element of In, Zn, Sn or Cd, and oxygen, the
second region containing at least one metal element of i,
Ta, W, or Ru, the third region and the fourth region con-
taining the at least one metal element and oxygen, the third
region and the fourth region having an atomic concentration
of oxygen higher than that of the second region; and a
second electrode electrically connected to another portion of
the oxide semiconductor layer.

20 Claims, 22 Drawing Sheets
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SEMICONDUCTOR DEVICE AND
SEMICONDUCTOR MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s based upon and claims the benefit of
priority from Japanese Patent Application No. 2021-044169,
filed on Mar. 17, 2021, the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a semi-
conductor device and a semiconductor memory device.

BACKGROUND

An oxide semiconductor transistor forming a channel 1n
an oxide semiconductor layer has an excellent characteristic
that 1s extremely small channel leakage current during an off
operation. Therefore, for example, applying the oxide semi-
conductor transistor to a switching transistor of a memory
cell of a dynamic random access memory (DRAM) has been
studied.

For example, 1n a case where the oxide semiconductor
transistor 1s applied to the switching transistor of the
memory cell, the oxide semiconductor transistor undergoes

heat treatment accompanying formation of the memory cell
and a wiring. Therefore, 1t 1s expected to realize an oxide
semiconductor transistor having high heat resistance with
less variation 1n characteristics even after the heat treatment.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross-sectional view of a semicon-
ductor device according to a first embodiment;

FIG. 2 1s a schematic cross-sectional view of the semi-
conductor device according to the first embodiment;

FIG. 3 1s an explanatory diagram of a method for manu-
facturing a semiconductor device according to the first
embodiment;

FIG. 4 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 5 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 6 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 7 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 8 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 9 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 10 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 11 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;
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2

FIG. 12 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first

embodiment;

FIG. 13 1s an explanatory diagram of the method for
manufacturing a semiconductor device according to the first
embodiment;

FIG. 14 1s a schematic cross-sectional view of a semi-
conductor device according to a comparative example;

FIG. 15 1s an explanatory diagram of a function and an
ellect of the semiconductor device according to the first
embodiment;

FIG. 16 1s
ellect of the
embodiment;

FIG. 17 1s a schematic cross-sectional view of a semi-
conductor device according to a second embodiment;

FIG. 18 15 a block diagram of a semiconductor memory
device according to a third embodiment;

FIG. 19 1s a schematic cross-sectional view of a memory
cell array of the semiconductor memory device according to
the third embodiment;

FIG. 20 1s a schematic cross-sectional view of a memory
cell array of the semiconductor memory device according to
the third embodiment;

FIG. 21 1s a schematic cross-sectional view of a first
memory cell of the semiconductor memory device according
to the third embodiment; and

FIG. 22 1s a schematic cross-sectional view of a second
memory cell of the semiconductor memory device according,
to the third embodiment.

an explanatory diagram of a function and an
semiconductor device according to the first

DETAILED DESCRIPTION

A semiconductor device according to an embodiment
includes: a gate electrode extending 1n a first direction or a
second direction; an oxide semiconductor layer including a
first portion, a second portion, and a third portion provided
between the first portion and the second portion in a third
direction intersecting with the gate electrode; a gate 1nsu-
lating layer provided at least between the third portion and
the gate electrode; a first electrode electrically connected to
the first portion, the first electrode including a first region, a
second region, a third region, and a fourth region, the first
region being disposed between the first portion and the
second region 1n the third direction, the first region being
disposed between the third region and the fourth region 1n
the first direction, the third region being disposed on an
oxide semiconductor layer side of the second region, the
fourth region being disposed on the oxide semiconductor
layer side of the second region, the first region containing at
least one element selected from the group consisting of
indium (In), zinc (Zn), tin (Sn) and cadmium (Cd), and
oxygen (O), the second region containing at least one metal
clement selected from the group consisting of titanium (11),
tantalum (Ta), tungsten (W), and ruthenium (Ru), the third
region containing the at least one metal element and oxygen
(O), the fourth region containing the at least one metal
clement and oxygen (O), the third region having an atomic
concentration of oxygen (O) higher than an atomic concen-
tration of oxygen (O) of the second region, and the fourth
region having an atomic concentration of oxygen (O) higher
than the atomic concentration of oxygen (O) of the second
region; and a second electrode electrically connected to the
second portion, the oxide semiconductor layer provided
between the second electrode and the first electrode.

Herematter, embodiments of the present disclosure will
be described with reference to the drawings. In the following
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description, the same or similar members are denoted by the
same reference numerals, and the description of the mem-

bers described once 1s appropriately omitted.

In the present specification, the term “upper” or “lower”
may be used for convenience. The “upper” or the “lower” 1s
merely a term indicating a relative positional relationship in
the drawings, and 1s not a term defining a positional rela-
tionship with respect to gravity.

Qualitative analysis and quantitative analysis of chemical
compositions of members constituting the semiconductor
device and the semiconductor memory device 1n the present
specification can be performed by, for example, secondary
ion mass spectrometry (SIMS), energy dispersive X-ray
spectroscopy (EDX), rutherford back-scattering spectros-
copy (RBS), or electron energy-loss spectroscopy (EELS).
For example, a transmission electron microscope (IEM) can
be used for measuring a thickness of the members consti-
tuting the semiconductor device, a distance between the
members, a crystal grain size, and the like. Electric resis-
tance of the members constituting the semiconductor device
and the semiconductor memory device can be measured by,

for example, scanning spreading resistance miCroscopy
(SSRM).

First Embodiment

A semiconductor device according to a first embodiment
includes: a gate electrode extending 1n a first direction or a
second direction; an oxide semiconductor layer including a
first portion, a second portion, and a third portion provided
between the first portion and the second portion in a third
direction intersecting with the gate electrode; a gate 1nsu-
lating layer provided at least between the third portion and
the gate electrode; a first electrode electrically connected to
the first portion, the first electrode including a first region, a
second region, a third region, and a fourth region, the first
region being disposed between the first portion and the
second region 1n the third direction, the first region being
disposed between the third region and the fourth region 1n
the first direction, the third region being disposed on an
oxide semiconductor layer side of the second region, the
fourth region being disposed on the oxide semiconductor
layer side of the second region, the first region containing at
least one element selected from the group consisting of
indium (In), zinc (Zn), tin (Sn) and cadmium (Cd), and
oxygen (O), the second region containing at least one metal
clement selected from the group consisting of titanium (11),
tantalum ('Ta), tungsten (W), and ruthenium (Ru), the third
region containing the at least one metal element and oxygen
(O), the fourth region containing the at least one metal
clement and oxygen (O), the third region having an atomic
concentration of oxygen (O) higher than an atomic concen-
tration of oxygen (O) of the second region, and the fourth
region having an atomic concentration of oxygen (O) higher
than the atomic concentration of oxygen (O) of the second
region; and a second electrode electrically connected to the
second portion, the oxide semiconductor layer provided
between the second electrode and the first electrode.

FIGS. 1 and 2 are schematic cross-sectional views of the
semiconductor device according to the first embodiment.
FIG. 2 1s a cross-sectional view taken along line A-A' of
FIG. 1. In FIG. 1, a horizontal direction i1s referred to as a
first direction, a depth direction is referred to as a second
direction, and a vertical direction i1s refterred to as a third
direction.

The semiconductor device of the first embodiment 1s a
transistor 100. The transistor 100 1s an oxide semiconductor
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4

transistor 1n which a channel 1s formed 1n an oxide semi-
conductor. The transistor 100 1s a so-called surrounding gate
transistor (SGT) 1 which a gate electrode 1s provided to
surround an oxide semiconductor layer in which a channel
1s formed. The transistor 100 1s a so-called vertical transistor.
The transistor 100 1s an re-channel transistor using electrons
as a carrier.

The transistor 100 includes an oxide semiconductor layer
10, a gate electrode 12, a gate mnsulating layer 14, a lower
clectrode 16, an upper eclectrode 18, and an interlayer
insulating layer 20. The lower electrode 16 1s an example of
a first electrode. The upper electrode 18 1s an example of a
second electrode.

The oxide semiconductor layer 10 1s provided between
the lower electrode 16 and the upper electrode 18. In the
oxide semiconductor layer 10, a channel serving as a current
path 1s formed when the transistor 100 1s turned on. The
oxide semiconductor layer 10 extends in the third direction.
The oxide semiconductor layer 10 has a columnar shape
extending in the third direction. The oxide semiconductor
layer 10 has, for example, a cylindrical shape.

A direction 1mn which electrons flow in the channel is
referred to as a channel length direction. The third direction
1s the channel length direction of the transistor 100.

The oxide semiconductor layer 10 1s an oxide semicon-
ductor. The oxide semiconductor layer 10 1s a metal oxide.
The oxide semiconductor layer 10 1s, for example, amor-
phous.

The oxide semiconductor layer 10 contains, for example,
indium (In), gallium (Ga), and zinc (Zn). A ratio of a sum of
atomic concentrations of indium, gallium, and zinc to a sum
ol atomic concentrations of metal elements contained in the
oxide semiconductor layer 10 1s, for example, equal to or
more than 90%. The ratio of the sum of the atomic concen-
trations of indium, gallium, and zinc to a sum of atomic
concentrations of elements other than oxygen contained 1n
the oxide semiconductor layer 10 1s, for example, equal to or
more than 90%. For example, 1n the oxide semiconductor
layer 10, there 1s no element other than oxygen, which has
an atomic concentration higher than any one of indium,
gallium, and zinc.

The oxide semiconductor layer 10 includes a first portion
10a, a second portion 105, and a third portion 10c. The third
portion 10c¢ 1s a portion between the first portion 10a and the
second portion 105. The third portion 10¢ provided between
the first portion 10a and the second portion 10¢ 1n the third
direction.

The oxide semiconductor layer 10 includes, for example,
an oxygen deficiency. The oxygen deficiency in the oxide
semiconductor layer 10 functions as a donor.

A width of the oxide semiconductor layer 10 1n the first
direction 1s, for example, equal to or more than 20 nm and
equal to or less than 100 nm. A length of the oxide semi-
conductor layer 10 in the third direction 1s, for example,
equal to or more than 80 nm and equal to or less than 200
nm.

The gate electrode 12 1s provided to surround the oxide
semiconductor layer 10. The gate electrode 12 1s provided
around the oxide semiconductor layer 10. The gate electrode
12 extends 1n a direction intersecting with the oxide semi-
conductor layer 10. The gate electrode 12 extends, for
example, 1n the first direction or the second direction.

The gate electrode 12 1s formed of, for example, metal, a
metal compound, or a semiconductor. The gate electrode 12
1s Tormed of, for example, titanium nitride (TiN) or tungsten
(W). A gate length of the gate electrode 12 1s, for example,
equal to or more than 20 nm and equal to or less than 100
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nm. The gate length of the gate electrode 12 1s a length of
the gate electrode 12 in the third direction.

The gate insulating layer 14 1s provided between the oxide
semiconductor layer 10 and the gate electrode 12. The gate
insulating layer 14 1s provided to surround the oxide semi-
conductor layer 10. The gate insulating layer 14 1s provided
between the third portion 10¢ and the gate electrode 12.

The gate insulating layer 14 is formed of, for example, an
oxide or an oxynitride. The gate insulating layer 14 1is
formed of, for example, silicon oxide or aluminum oxide. A
thickness of the gate insulating layer 14 1s, for example,
equal to or more than 2 nm and equal to or less than 10 nm.

An oxide layer (not illustrated) formed of a material
different from that of the gate insulating layer 14 can be
provided between the oxide semiconductor layer 10 and the
gate msulating layer 14.

The lower electrode 16 1s provided on a lower side of the
oxide semiconductor layer 10. The lower electrode 16 1s
provided on a lower side of the first portion 10a. The lower
clectrode 16 1s electrically connected to the first portion 10a
of the oxide semiconductor layer 10. The lower electrode 16
includes a first region 16a, a second region 165, a third
region 16¢, and a fourth region 164.

The first region 16qa 1s disposed between the first portion
10a of the oxide semiconductor layer 10 and the second
region 16b. The first region 16a 1s disposed in the third
direction of the second region 165b.

The first region 164 1s disposed between the third region
16¢ and the fourth region 16d4. The first region 16a 1s
disposed in the first direction of the third region 16¢ and the
fourth region 16d.

The first region 16a 1s disposed between one part 1661 of
the second region 165 and another part 16562 of the second
region 165. The first region 164 1s disposed between one part
16561 of the second region 165 and the other part 16562 of the
second region 165 1n the first direction.

The third region 16¢ 1s disposed on the oxide semicon-
ductor layer 10 side of the second region 16b. The third
region 16c¢ 1s disposed in the third direction of the second
region 16b. The third region 16¢ 1s disposed on the oxide
semiconductor layer 10 side of one part 1651 of the second
region 16b. The third region 16c¢ 1s disposed in the third
direction of one part 16561 of the second region 165b.

The fourth region 164 1s disposed on the oxide semicon-
ductor layer 10 side of the second region 165. The fourth
region 16d 1s disposed on the oxide semiconductor layer 10
side of the second region 16b. The fourth region 16d 1s
disposed on the oxide semiconductor layer 10 side of the
other part 1662 of the second region 165. The fourth region
164 1s disposed 1n the third direction of the other part 1652
of the second region 165.

The first region 16a contains at least one element selected
from the group consisting of indium (In), zinc (Zn), tin (Sn)
and cadmium (Cd), and oxygen (O). Among the atomic
concentrations of the elements other than oxygen (O) con-
tained 1n the first region 164, the atomic concentration of the
at least one element described above 1s the highest. The first
region 16qa 1s formed of a metal oxide having conductivity.

The first region 16a contains, for example, imndium (In)
and tin (Sn). The first region 164 1s formed of, for example,
an oxide containing mdium (In) and tin (Sn).

A thickness of the first region 16a 1s, for example, equal
to or more than 10 nm and equal to or less than 30 nm. The
thickness of the first region 16a i1s a thickness 1n the third
direction.

The second region 165 contains at least one metal element
selected from the group consisting of titanium (11), tantalum
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(Ta), tungsten (W), and ruthentum (Ru). Among the atomic
concentrations of the metal elements contained 1n the second
region 165, the atomic concentration of the at least one metal
clement described above 1s the highest. Among the atomic
concentrations of the eclements other than nitrogen (N)
contained in the second region 165, the atomic concentration
of the at least one metal element described above i1s the
highest.

The second region 165 contains, for example, nitrogen
(N). The second region 165 may or may not contain oxygen
(O). An atomic concentration of oxygen 1n the second region
165 1s lower than the atomic concentration of oxygen of the
first region 16a.

The second region 165 1s a conductor. The second region
165 1s formed of, for example, a metal or a metal nitride.

The second region 165 1s formed of, for example, tita-
nium, titanium nitride, tantalum, tantalum nitride, or tung-
sten nitride.

A thickness of the second region 165 1s smaller than the
thickness of the first region 16a. The thickness of the second
region 1656 1s, for example, equal to or more than 2 nm and
equal to or less than 10 nm. The thickness of the second
region 165 1s a thickness in the third direction.

The third region 16¢ contains at least one metal element

selected from the group consisting of titantum (11), tantalum
(Ta), tungsten (W) and ruthenium (Ru), and oxygen (O). The
third region 16c¢ contains the same metal element as that of
the second region 16b. Among the atomic concentrations of
the metal elements contained in the third region 16c¢, the
atomic concentration of the at least one metal element
described above 1s the highest. Among the atomic concen-
trations of the elements other than oxygen (O) and nitrogen
(N) contained in the third region 16c¢, the atomic concen-
tration of the at least one metal element described above 1s
the highest.
The third region 16¢ contains, for example, nitrogen (N).
The third region 16c¢ 1s, for example, an insulator. The
third region 16¢ 1s formed of, for example, a metal oxide or
a metal oxynitride.

The third region 16c¢ 1s formed of, for example, titanium
oxide, titanium oxynitride, tantalum oxide, tantalum oxyni-
tride, or tungsten oxynitride.

An atomic concentration of oxygen (O) of the third region
16¢ 1s higher than the atomic concentration of oxygen (O) of
the second region 165. The atomic concentration of oxygen
(O) of the third region 16c¢ 1s, for example, two or more
orders of magnitude higher than the atomic concentration of
oxygen (O) of the second region 16b. The atomic concen-
tration of oxygen (O) of the third region 16c¢ 1s, for example,
equal to or more than 1x10°° atoms/cm’.

For example, the electric resistance of the third region 16c¢
1s higher than the electric resistance of the second region
165.

The fourth region 164 contains at least one metal element
selected from the group consisting of titanium (11), tantalum
(Ta), tungsten (W) and ruthenium (Ru), and oxygen (O). The
fourth region 164 contains the same metal element as that of
the second region 16b. Among the atomic concentrations of
the metal elements contained 1n the fourth region 164, the
atomic concentration of the at least one metal element
described above 1s the highest. Among the atomic concen-
trations of the elements other than oxygen (O) and nitrogen
(N) contained 1n the fourth region 164, the atomic concen-
tration of the at least one metal element described above 1s
the highest.

The fourth region 164 contains, for example, nitrogen

(N).
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The fourth region 164 1s, for example, an sulator. The
fourth region 164 1s formed of, for example, a metal oxide
or a metal oxynitride.

The fourth region 164 1s formed of, for example, titanium
oxide, titanium oxynitride, tantalum oxide, tantalum oxyni-
tride, or tungsten oxynitride.

An atomic concentration of oxygen (O) of the fourth
region 164 1s higher than the atomic concentration of oxygen
(O) of the second region 165. The atomic concentration of
oxygen (O) of the fourth region 164 1s, for example, two or
more orders of magnitude higher than the atomic concen-
tration of oxygen (O) of the second region 165b. The atomic
concentration of oxygen (O) of the fourth region 164 1s, for
example, equal to or more than 1x10*° atoms/cm”.

For example, the electric resistance of the fourth region
164 1s higher than the electric resistance of the second region
165.

The upper electrode 18 1s provided on an upper side of the
oxide semiconductor layer 10. The upper eclectrode 18 1is
provided on an upper side of the second portion 105. The
upper electrode 18 1s electrically connected to the second
portion 105.

The upper electrode 18 includes a fifth region 18a and a
sixth region 18b. The fifth region 18a 1s disposed between
the second portion 106 and the sixth region 185. The fifth
region 18a 1s disposed in the third direction of the sixth
region 18b.

The fifth region 18a contains at least one element selected
from the group consisting of indium (In), zinc (Zn), tin (Sn)
and cadmium (Cd), and oxygen (O). The fifth region 18a 1s
formed of a metal oxide having conductivity.

The fifth region 18a contains, for example, indium (In)
and tin (Sn). The fifth region 18a 1s formed of, for example,
an oxide containing mdium (In) and tin (Sn).

A thickness of the fifth region 18a 1s, for example, equal
to or more than 10 nm and equal to or less than 30 nm. The
thickness of the fifth region 18a 1s a thickness 1n the third
direction.

The sixth region 185 contains, for example, at least one
metal element selected from the group consisting of titanium
(T1), tantalum (Ta), tungsten (W), and ruthenium (Ru).
Among the atomic concentrations of the metal elements
contained 1n the sixth region 185, for example, the atomic
concentration of the at least one metal element described
above 1s the highest. The sixth region 185 contains, for
example, the same metal element as that of the second
region 165, the third region 16¢, and the fourth region 164d.

The sixth region 185 contains, for example, nitrogen (IN).
The sixth region 186 may or may not contain oxygen (O).

The sixth region 185 1s a conductor. The sixth region 185
1s formed of, for example, a metal or a metal nitride.

The second region 165 1s formed of, for example, tita-
nium, titanium nitride, tantalum, tantalum nitride, or tung-
sten nitride.

A thickness of the sixth region 1856 1s smaller than the
thickness of the fifth region 18a. The thickness of the sixth
region 185 1s, for example, equal to or more than 2 nm and
equal to or less than 10 nm. The thickness of the sixth region
185 1s a thickness 1n the third direction.

The atomic concentration of oxygen (O) of the sixth
region 185b 1s, for example, lower than the atomic concen-
tration of oxygen (O) of the third region 16¢. The atomic
concentration of oxygen (O) of the sixth region 185b 1s, for
example, lower than the atomic concentration of oxygen (O)
of the fourth region 16d.

The interlayer mnsulating layer 20 1s provided around the
gate electrode 12, the gate mnsulating layer 14, the lower
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clectrode 16, and the upper electrode 18. The interlayer
insulating layer 20 1s formed of, for example, an oxide, a
nitride, or an oxynitride. The interlayer insulating layer 20 1s
formed of, for example, silicon oxide, silicon nitride, or
s1licon oxynitride.

Next, an example ol a method for manufacturing the
semiconductor device according to the first embodiment will
be described. FIGS. 3, 4,5,6,7, 8,9, 10, 11, 12, and 13 are
explanatory diagrams of the method for manufacturing the
semiconductor device according to the first embodiment.

First, a groove 31 1s formed 1n an msulating layer (FIG.
3). The groove 31 1s formed by using, for example, a
photolithography method and a reactive 1on etching method
(RIE method). The msulating layer 30 1s, for example, a
silicon oxide layer. The insulating layer 30 finally becomes
a part of the interlayer insulating layer 20.

Next, the groove 31 1s filled with a first conductive film
32 and a first metal oxide film 33 (FIG. 4). The first
conductive film 32 1s, for example, a titantum nitride film
formed by a sputtering method. The first metal oxide film 33
1s, for example, an indium tin oxide film formed by the
sputtering method.

The first conductive film 32 finally becomes the second
region 165, the third region 16¢, and the fourth region 164.
The first metal oxide film 33 finally becomes the first region
16a.

Next, the first conductive film 32 and the first metal oxide
film 33 on the insulating layer 30 are removed (FIG. 5). The
first conductive film 32 and the first metal oxide film 33 are
removed by using a chemical mechanical polishing method
(CMP method).

Next, an upper portion of the first conductive film 32
exposed on a surface of the insulating layer 30 1s oxidized
(FIG. 6). An oxide film 34 1s formed by oxidizing the upper
portion of the first conductive film 32. The oxide film 34 1s,
for example, a titanium oxide film. The oxide film 34 finally
becomes the third region 16¢ and the fourth region 164.

A method for oxidizing the upper portion of the first
conductive film 32 is not particularly limited. However, the
method 1s required to be a method capable of sufliciently
oxidizing the upper portion of the first conductive film 32,
such as a heat treatment 1n an oxygen atmosphere and an
oxygen plasma treatment.

Next, a first insulating film 35, a conductive layer 36, and
a second insulating film 37 are formed on the insulating
layer 30 and the first metal oxide film 33 (FIG. 7). The first
msulating film 35 1s, for example, a silicon oxide film
formed by a chemical vapor deposition method (CVD
method). The conductive layer 36 1s, for example, a tungsten
layer formed by the CVD method. The second insulating
film 37 1s, for example, a silicon oxide film formed by the
CVD method.

The first insulating film 335 and the second 1nsulating film
3’7 finally become a part of the interlayer insulating layer 20.
The conductive layer 36 finally becomes the gate electrode
12.

Next, an opening 38 1s formed 1n the second insulating
film 37, the conductive layer 36, and the first insulating film
35 (FIG. 8). The opening 38 1s formed by, for example, the
photolithography method and the RIE method.

Next, a third insulating film 39 1s formed 1n the opening
38 (FIG. 9). The third msulating film 39 1s, for example, a
silicon oxide film formed by the CVD method. The third
insulating film 39 finally becomes the gate msulating layer
14.

Next, a bottom portion of the opening 38 and the third
insulating film 39 on a surface of the second mnsulating film
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37 are removed (FIG. 10). The third msulating film 39 1s
removed by using, for example, the RIE method.

Next, an oxide semiconductor film 40 1s formed 1n the
opening 38 (FIG. 11). The oxide semiconductor film 40
contains, for example, indium (In), galllum (Ga), and zinc
(Zn). The oxide semiconductor film 40 1s formed by using,
for example, the CVD method. The oxide semiconductor
film 40 finally becomes the oxide semiconductor layer 10.

Next, the oxide semiconductor film 40 on the surface of
the second insulating film 37 1s removed (FIG. 12). The
oxide semiconductor film 40 1s removed by using, for
example, the CMP method.

Next, a second metal oxide film 41 and a second conduc-
tive film 42 are formed on the surfaces of the second
insulating film 37 and the oxide semiconductor film 40. The
second metal oxide film 41 1s, for example, an 1ndium tin
oxide film formed by the sputtering method. The second
conductive film 42 1s, for example, a titantum nitride film
formed by a sputtering method.

The second metal oxide film 41 finally becomes the fifth
region 18a. The second conductive film 42 finally becomes
the sixth region 18b.

Next, the second metal oxide film 41 and the second
conductive film 42 are patterned (FIG. 13). The second
metal oxide film 41 and the second conductive film 42 are
patterned by using, for example, the photolithography
method and the RIE method.

After that, an insulating film 1s formed on the second
metal oxide film 41 and the second conductive film 42.

The transistor 100 of the first embodiment 1s formed by
the manufacturing method described above.

Hereinatter, a function and an effect of the semiconductor
device according to the first embodiment will be described.

When the lower electrode 16 of the transistor 100 1s
tormed, the groove 31 formed 1n the isulating layer 30 1s
filled with the first metal oxide film 33, and then the first
metal oxide film 33 1s planarized by the CMP method. The
first metal oxide film 33 becomes the first region 16a of the
lower electrode 16. When the groove 31 1s filled with the
first metal oxide film 33, adhesion to the mnsulating layer 30
becomes low, for example, there 1s a possibility that film
peeling occurs when the first metal oxide film 33 1s removed
by the CMP method.

In the lower electrode 16 of the transistor 100, the second
region 165 1s provided between the first region 16a and the
interlayer mnsulating layer 20. At the time of manufacturing
the transistor 100, as 1llustrated 1n FIG. 4, the first conduc-
tive film 32 serving as the second region 165 1s formed
before the first metal oxide film 33 1s formed. The first
conductive film 32 has high adhesion to the msulating layer
30. Therefore, the film peeling when the first metal oxide
film 33 1s removed by the CMP method 1s suppressed.
According to this, the manufacturing yield of the transistor
100 1s improved.

For example, in a case where the oxide semiconductor
transistor 1s applied to the switching transistor of the
memory cell, the oxide semiconductor transistor undergoes
heat treatment accompanying formation of the memory cell
and a wiring. A threshold voltage of the oxide semiconductor
transistor may fluctuate due to the heat treatment.

The fluctuation of the threshold voltage of the oxide
semiconductor transistor occurs when oxygen 1n the oxide
semiconductor layer in which the channel i1s formed 1s
released to the lower electrode or the upper electrode at the
time ol the heat treatment. When oxygen in the oxide
semiconductor layer 1s released, oxygen deficiency occurs 1n
the oxide semiconductor layer.
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The oxygen deficiency functions as a donor 1n the oxide
semiconductor layer. Therefore, for example, 1n a case
where the oxide semiconductor transistor 1s an re-channel
transistor, when the oxygen deficiency occurs, the threshold
voltage of the oxide semiconductor transistor decreases.

FIG. 14 1s a schematic cross-sectional view of a semi-
conductor device according to a comparative example. The
semiconductor device of the comparative example 1s a
transistor 900.

The transistor 900 of the comparative example 1s diflerent
from the transistor 100 of the first embodiment 1n that the
lower electrode 16 does not include the third region 16¢ and
the fourth region 16d.

FIG. 15 1s an explanatory diagram of a function and an
ellect of the semiconductor device according to the first
embodiment.

FIG. 15 illustrates a case where misalignment occurs
when manufacturing the transistor 900 of the comparative
example. Specifically, a case where misalignment occurs
between the opening 38 and the pattern of the lower layer,
in a step similar to the step of forming the opening 38
illustrated in FIG. 8 1n the method for manufacturing the
transistor 100 will be described.

When the oxide semiconductor layer 10 1s shifted in the
first direction with respect to the lower electrode 16, the
oxide semiconductor layer 10 and the second region 1656 of
the lower electrode 16 are in direct contact with each other.

The second region 165 1s formed of, for example, a metal
or a metal nitride. At the time of the heat treatment when
manufacturing the transistor 900, since oxygen in the oxide
semiconductor layer 10 1s absorbed by the second region
165, oxygen 1n the oxide semiconductor layer 10 1s released.
Theretfore, the oxygen deficiency occurs 1n the oxide semi-
conductor layer 10. Accordingly, the threshold voltage of the
transistor 900 decreases.

FIG. 16 1s an explanatory diagram of a function and an
ellect of the semiconductor device according to the first
embodiment.

FIG. 16 illustrates a case where misalignment occurs
when manufacturing the transistor 100 of the first embodi-
ment. Specifically, a case where misalignment occurs
between the opening 38 and the pattern of the lower layer,
in the step of forming the opening 38 1llustrated in FIG. 8 1n
the method for manufacturing the transistor 100 will be
described.

When the oxide semiconductor layer 10 1s shifted in the
first direction with respect to the lower electrode 16, the
oxide semiconductor layer 10 and the third region 16c¢ of the
lower electrode 16 are in direct contact with each other.

The third region 16¢ 1s formed of an oxide. Therefore, at
the time of the heat treatment when manufacturing the
transistor 100, oxygen in the oxide semiconductor layer 10
1s prevented from being absorbed by the third region 16¢.
Accordingly, the threshold voltage of the transistor 100 1s
prevented from decreasing. Due to this, heat resistance of
the transistor 100 1s improved.

When the oxide semiconductor layer 10 1s shifted 1n the
first direction with respect to the lower electrode 16, the
same ellect 1s obtaimned even 1 a case where the oxide
semiconductor layer 10 and the fourth region 164 of the
lower electrode 16 are 1n direct contact with each other.

The third region 16¢ and fourth region 164 of the lower
clectrode 16 of the transistor 100 have high resistance since
the third region 16¢ and the fourth region 164 are formed of
the oxide. For example, the third region 16¢ and the fourth
region 164 are formed of an 1nsulator. Therefore, an electric
field concentration at upper end corners of the lower elec-
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trode 16 (a portion X surrounded by a dotted line circle 1n
FIG. 1) 1s alleviated. Accordingly, for example, a leakage

current between the lower electrode 16 and the gate elec-
trode 12 1s suppressed, and a malfunction of the transistor
100 1s suppressed.

From the viewpoint of preventing oxygen from being
absorbed by the third region 16¢ and the fourth region 164,
the atomic concentration of oxygen (O) of the third region
16¢ and the fourth region 164 1s preferably two or more
orders of magnitude higher than the atomic concentration of
oxygen (O) of the second region 165, and more preferably
three or more orders of magmtude higher than the atomic
concentration of oxygen (O) of the second region 165.

From the viewpoint of preventing oxygen from being
absorbed by the third region 16¢ and the fourth region 164,
the atomic concentration of oxygen (O) of the third region
16¢ and the fourth region 164 is preferably equal to or more
than 1x10°° atoms/cm’, and more preferably equal to or
more than 1x10°' atoms/cm”.

From the viewpoint of reducing the electric resistance of
the lower electrode 16, the thickness of the second region
166 1s preferably larger than the thickness of the first region
16a. As described above, the thicknesses of the first region
16a and the second region 165 are the thicknesses 1n the
third direction.

In the transistor 100, a case where the gate electrode 12
1s provided to surround the oxide semiconductor layer 10
has been described as an example, but the gate electrode 12
may not completely surround the oxide semiconductor layer
10. For example, the gate electrode 12 may be provided to
face a part of the oxide semiconductor layer 10.

As described above, according to the first embodiment,
the fluctuation of the threshold voltage after the heat treat-
ment 1s suppressed, and the oxide semiconductor transistor
having high heat resistance 1s realized.

Second Embodiment

A semiconductor device according to the second embodi-
ment 1s different from the semiconductor device according
to the first embodiment in further including a first conduc-
tive layer electrically connected to the first electrode, the
first conductive layer having the first electrode provided
between the first conductive layer and the oxide semicon-
ductor layer, and in further including a second conductive
layer electrically connected to the second electrode, the
second conductive layer having the second electrode pro-
vided between the second conductive layer and the oxide
semiconductor layer. Heremaiter, description of the contents
overlapping with the first embodiment may be partially
omitted.

FIG. 17 1s a schematic cross-sectional view of the semi-
conductor device according to the second embodiment.

The semiconductor device of the second embodiment 1s a
transistor 200. The transistor 200 1s an oxide semiconductor
transistor 1n which a channel 1s formed 1n an oxide semi-
conductor. The transistor 200 1s a so-called SGT 1n which a
gate electrode 1s provided to surround an oxide semicon-
ductor layer in which a channel 1s formed. The transistor 200
1s a so-called vertical transistor.

The transistor 200 1includes the oxide semiconductor layer
10, the gate electrode 12, the gate insulating layer 14, the
lower electrode 16, the upper electrode 18, the interlayer
insulating layer 20, a lower conductive layer 22, and an
upper conductive layer 24. The lower electrode 16 1s an
example of a first electrode. The upper electrode 18 1s an
example of a second electrode. The lower conductive layer
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22 1s an example of the first conductive layer. The upper
conductive layer 24 1s an example of the second conductive

layer.

The lower electrode 16 includes a first region 16a, a
second region 165, a third region 16c¢, and a fourth region
164. The upper electrode 18 includes a {fifth region 18a and
a sixth region 18b.

The lower conductive layer 22 1s provided on a lower side
ol the lower electrode 16. The lower conductive layer 22 1s
disposed 1n the third direction of the lower electrode 16. The
lower electrode 16 1s provided between the lower conductive
layer 22 and the oxide semiconductor layer 10. The lower
conductive layer 22 1s electrically connected to the lower
clectrode 16.

The lower conductive layer 22 1s a conductor. The lower
conductive layer 22 1s formed of, for example, a metal or a
semiconductor. The lower conductive layer 22 1s formed of,
for example, tungsten or polycrystalline silicon.

The upper conductive layer 24 1s provided on an upper
side of the upper electrode 18. The upper conductive layer
24 1s disposed 1n the third direction of the upper electrode
18. The upper electrode 18 1s provided between the upper
conductive layer 24 and the oxide semiconductor layer 10.
The upper conductive layer 24 1s electrically connected to
the upper electrode 18.

The upper conductive layer 24 1s a conductor. The upper
conductive layer 24 1s formed of, for example, a metal or a
semiconductor. The upper conductive layer 24 1s formed of,
for example, tungsten or polycrystalline silicon.

The lower electrode 16 includes a second region 165
between the lower conductive layer 22 and a first region 16aq.
When the transistor 200 1s manufactured, as in the case of
the transistor 100, the first conductive film 32 serving as the
second region 1656 1s formed before the first metal oxide film
33 serving as the first region 16a of the lower electrode 16
1s formed. Therefore, oxidation of the lower conductive
layer 22 1s suppressed. By suppressing the oxidation of the
lower conductive layer 22, an oxide film having high resis-
tance 1s prevented from being formed between the lower
conductive layer 22 and the lower electrode 16.

As described above, according to the second embodiment,
as 1n the first embodiment, the fluctuation of the threshold
voltage after the heat treatment 1s suppressed, and the oxide

semiconductor transistor having high heat resistance 1s real-
1zed.

Third Embodiment

A semiconductor memory device according to a third
embodiment includes: a first wiring extending in a {first
direction; a second wiring extending in a second direction
intersecting with the first direction; and a memory cell, 1n
which the memory cell imncludes an oxide semiconductor
layer including a first portion, a second portion, and a third
portion between the first portion and the second portion, a
gate electrode being electrically connected to the second
wiring, a gate insulating layer provided between the third
portion and the gate electrode, a first electrode electrically
connected to the first portion, the first electrode including a
first region, a second region, a third region, and a fourth
region, the first region being disposed between the first
portion and the second region, the first region being disposed
between the third region and the fourth region, the third
region being disposed on the oxide semiconductor layer side
of the second region, the fourth region being disposed on the
oxide semiconductor layer side of the second region, the first
region containing at least one element selected from the
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group consisting of mdium (In), zinc (Zn), tin (Sn) and
cadmium (Cd), and oxygen (O), the second region contain-
ing at least one metal element selected from the group
consisting of titanium (11), tantalum (Ta), tungsten (W), and
ruthentum (Ru), the third region containing the at least one
metal element and oxygen (O), the fourth region containing
the at least one metal element and oxygen (O), the third
region having an atomic concentration of oxygen (O) higher
than an atomic concentration of oxygen (O) of the second
region, and the fourth region having an atomic concentration
of oxygen (O) higher than the atomic concentration of
oxygen (O) of the second region, a second electrode elec-
trically connected to the second portion, the second elec-
trode having the oxide semiconductor layer provided
between the second electrode and the first electrode, and a
capacitor connected to one of the first electrode and the
second electrode, and the first wiring 1s electrically con-
nected to the other of the first electrode or the second
clectrode. Hereinafter, description of the contents overlap-
ping with the first embodiment or the second embodiment
may be partially omitted.

The semiconductor memory device of the third embodi-
ment 1s a semiconductor memory 300. The semiconductor
memory device of the third embodiment 1s a dynamic
random access memory (DRAM). The semiconductor
memory 300 uses the transistor 100 of the first embodiment
as a switching transistor of a memory cell of the DRAM.

FIG. 18 1s a block diagram of the semiconductor memory
device according to the third embodiment.

As 1llustrated 1n FIG. 18, the semiconductor memory 300
includes a memory cell array 210, a word line driver circuit
212, a row decoder circuit 214, a sense amplifier circuit 215,
a column decoder circuit 217, and a control circuit 221.

FIGS. 19 and 20 are schematic cross-sectional views of
the memory cell array of the semiconductor memory device
according to a third embodiment. FIG. 19 1s a cross-
sectional view of a plane including the first direction and the
third direction, and FIG. 20 1s a cross-sectional view of a
plane 1including the second direction and the third direction.
The first direction and the second direction intersect with
cach other. For example, the first direction and the second
direction are perpendicular to each other. The third direction
1s a direction perpendicular to the first direction and the
second direction. For example, the third direction 1s a
direction perpendicular to a substrate.

The memory cell array 210 of the third embodiment has
a three-dimensional structure 1n which the memory cells are
three-dimensionally disposed. In FIGS. 19 and 20, each
region surrounded by a broken line represents one memory
cell.

The memory cell array 210 includes a silicon substrate
250.

The memory cell array 210 includes, for example, a
plurality of bit lines BL and a plurality of word lines WL on
the silicon substrate 250. Each of the bit lines BL extends in
the first direction. Each of the word lines WL extends 1n the
second direction.

For example, the bit line BL and the word line WL
vertically intersect with each other. The memory cell 1s
disposed 1n a region 1n which the bit line BL and the word
line WL intersect with each other. The memory cell includes
a first memory cell MC1 and a second memory cell MC2.
The first memory cell MC1 and the second memory cell
MC2 are examples of the memory cell.

The bit line BL connected to the first memory cell MC1
and the second memory cell MC2 1s a bit line BLxX. The bit
line BLX 1s an example of the first wiring.
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The word line WL connected to the first memory cell
MC1 1s a word line WLX. The word line WLX 1s an example
of the second wiring. The word line WL connected to the
second memory cell MC2 1s a word line WLy. The word line
WLX 1s provided on one side of the bit line BLx. The word
line WLy 1s provided on the other side of the bit line BLx.

The memory cell array 210 includes a plurality of plate
clectrode lines PL. Each of the plate electrode lines PL 1s
connected to the plate electrode 72 of each of the memory
cells.

The memory cell array 210 includes an interlayer insu-
lating layer 260 for electrically separating each of the
wirings and each of the electrodes.

A plurality of the word lines WL are electrically con-
nected to the row decoder circuit 214. A plurality of the bit
lines BL are electrically connected to the sense amplifier
circuit 215.

The row decoder circuit 214 has a function of selecting
the word line WL according to an input row address signal.
The word line driver circuit 212 has a function of applying
a predetermined voltage to the word line WL selected by the
row decoder circuit 214.

The column decoder circuit 217 has a function of select-
ing the bit line BL according to an mput column address
signal. The sense amplifier circuit 215 has a function of
applying a predetermined voltage to the bit line BL selected
by the column decoder circuit 217. The sense amplifier
circuit 215 has a function of detecting and amplifying an
clectric potential of the bit line BL.

The control circuit 221 has a function of controlling the
word line driver circuit 212, the row decoder circuit 214, the
sense amplifier circuit 2135, the column decoder circuit 217,
and other circuits (not illustrated).

Circuits such as the word line driver circuit 212, the row
decoder circuit 214, the sense amplifier circuit 215, the
column decoder circuit 217, and the control circuit 221
include, for example, transistors and wiring layers (not

illustrated). The transistor 1s formed by using, for example,
the silicon substrate 250.

The bit line BL and the word line WL are a conductor. The
bit line BL and the word line WL are formed of, for example,
a metal.

FIG. 21 1s a schematic cross-sectional view of the first
memory cell of the semiconductor memory device according
to the third embodiment. FIG. 22 1s a schematic cross-
sectional view of the second memory cell of the semicon-
ductor memory device according to the third embodiment.

The first memory cell MC1 1s provided between the
silicon substrate 250 and the bit line BLx. The bit line BLx
1s provided between the silicon substrate 250 and the second
memory cell MC2.

The first memory cell MC1 1s provided on a lower side of
the bit line BLX. The second memory cell MC2 1s provided
on an upper side of the bit line BLX.

The first memory cell MC1 1s provided on one side of the
bit line BLX. The second memory cell MC2 1s provided on
the other side of the bit line BLX.

Each of the first memory cell MC1 and the second
memory cell MC2 includes a transistor 100 and a capacitor
201.

The transistor 100 includes an oxide semiconductor layer
10, a gate electrode 12, a gate insulating layer 14, a lower
clectrode 16, an upper clectrode 18, and an interlayer
insulating layer 20. The lower electrode 16 1s an example of
a first electrode. The upper electrode 18 1s an example of a
second electrode.
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The oxide semiconductor layer 10 includes a first portion
10a, a second portion 105, and a third portion 10c¢. The third
portion 10c¢ 1s a region between the first portion 10a and the
second portion 10b.

The lower electrode 16 includes a first region 16a, a
second region 165, a third region 16c¢, and a fourth region
16d. The upper electrode 18 includes a fifth region 18a and
a sixth region 18b.

The word line WLX 1s electrically connected to the gate
clectrode 12 of the first memory cell MC1. The word line
WLy 1s electrically connected to the gate electrode 12 of the
second memory cell MC2.

The capacitor 201 includes a cell electrode 71, a plate
clectrode 72, and a capacitor mnsulating film 73. The cell
clectrode 71 and the plate electrode 72 are formed of, for
example, titantum nitride. The capacitor insulating film 73
has, for example, a stacked structure of zircontum oxide,
aluminum oxide, and zirconium oxide.

In the first memory cell MC1, the capacitor 201 1s
clectrically connected to the lower electrode 16. The cell
clectrode 71 of the capacitor 201 1s connected to the lower
clectrode 16. The plate electrode 72 1s connected to the plate
clectrode line PL. In the first memory cell MC1, the bit line
BLx 1s electrically connected to the upper electrode 18.

In the second memory cell MC2, the capacitor 201 1s
clectrically connected to the upper electrode 18. The cell
clectrode 71 of the capacitor 201 1s connected to the upper
clectrode 18. The plate electrode 72 1s connected to the plate
clectrode line PL. In the second memory cell MC2, the bit
line BLX 15 electrically connected to the lower electrode 16.

FIGS. 19, 20, 21, and 22 illustrate, as an example, a case
where the word line WL and the gate electrode 12 are
simultaneously formed of the same material. The word line
WL and the gate electrode 12 may be separately formed of
different matenials.

FIGS. 19, 20, 21, and 22 illustrate, as an example, a case
where the bit line BL. and lower electrode 16, and the bit line
BL and upper electrode 18 are separately formed of different
materials. The bit line BL and lower electrode 16, and the bit
line BL and upper electrode 18 may be simultaneously
formed of the same material.

According to the third embodiment, by using the transis-
tor 100 of the first embodiment as a switching transistor of
the DRAM, the fluctuation of the threshold voltage after the
heat treatment 1s suppressed, and a semiconductor memory
having high heat resistance 1s realized.

In the first to third embodiments, a case where the oxide
semiconductor layer 10 1s formed of a metal oxide contain-
ing mndium (In), galllum (Ga), and zinc (Zn) has been
described as an example, and other metal oxides may be
applied to the oxide semiconductor layer 10.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the semiconductor device and the semiconductor
memory device described herein may be embodied in a
variety of other forms; furthermore, various omissions,
substitutions and changes in the form of the devices and
methods described herein may be made without departing
from the spirit of the inventions. The accompanying claims
and their equivalents are intended to cover such forms or

modifications as would fall within the scope and spirit of the
inventions.
What 1s claimed 1s:
1. A semiconductor device comprising;:
a gate electrode extending 1n a first direction or a second
direction;
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an oxide semiconductor layer including a first portion, a
second portion, and a third portion provided between
the first portion and the second portion 1 a third
direction 1ntersecting with the gate electrode;

a gate insulating layer provided at least between the third
portion and the gate electrode;

a first electrode electrically connected to the first portion,
the first electrode including a first region, a second
region, a third region, and a fourth region, the first
region being disposed between the first portion and the
second region in the third direction, the first region
being disposed between the third region and the fourth
region 1n the first direction, the third region being
disposed on an oxide semiconductor layer side of the
second region, the fourth region being disposed on the
oxide semiconductor layer side of the second region,
the first region containing at least one element selected
from the group consisting of indium (In), zinc (Zn), tin
(Sn) and cadmium (Cd), and oxygen (O), the second
region containing at least one metal element selected
from the group consisting of titanium (11), tantalum
(Ta), tungsten (W), and ruthenium (Ru), the third
region contaiming the at least one metal element and
oxygen (O), the fourth region containing the at least
one metal element and oxygen (O), the third region
having an atomic concentration of oxygen (O) higher
than an atomic concentration of oxygen (O) of the
second region, and the fourth region having an atomic
concentration ol oxygen (O) higher than the atomic
concentration of oxygen (O) of the second region; and

a second electrode electrically connected to the second
portion, the oxide semiconductor layer provided
between the second electrode and the first electrode.

2. The semiconductor device according to claim 1,

wherein the first region 1s disposed between one part of the

second region and another part of the second region in the
first direction.

3. The semiconductor device according to claim 1,
wherein a thickness of the second region 1s smaller than a
thickness of the first region.

4. The semiconductor device according to claim 1,
wherein electric resistance of the third region 1s higher than
clectric resistance of the second region, and electric resis-
tance of the fourth region i1s higher than the electric resis-
tance of the second region.

5. The semiconductor device according to claim 1,
wherein the atomic concentration of oxygen (O) of the third
region 1s two or more orders ol magnitude higher than the
atomic concentration of oxygen (O) of the second region,
and the atomic concentration of oxygen (O) of the fourth
region 1s two or more orders ol magnitude higher than the
atomic concentration of oxygen (O) of the second region.

6. The semiconductor device according to claim 1,
wherein the atomic concentration of oxygen (O) of the third
region is equal to or more than 1x10%° atoms/cm’, and the
atomic concentration of oxygen (O) of the fourth region 1s
equal to or more than 1x10°° atoms/cm”.

7. The semiconductor device according to claim 1,
wherein the second region, the third region, and the fourth
region further contain nitrogen (N).

8. The semiconductor device according to claim 1, further
comprising;

a first conductive layer electrically connected to the first
clectrode, the first electrode provided between the first
conductive layer and the oxide semiconductor layer 1n
the third direction.
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9. The semiconductor device according to claim 1,
wherein the second electrode includes a fifth region and a
sixth region, the fifth region 1s disposed between the second
portion and the sixth region, the fifth region contains at least
one element selected from the group consisting of indium
(In), zinc (Zn), tin (Sn) and cadmium (Cd), and oxygen (O),
the sixth region contains the at least one metal element, an
atomic concentration of oxygen (O) of the sixth region 1s
lower than the atomic concentration of oxygen (O) of the
third region, and the atomic concentration of oxygen (O) of
the sixth region 1s lower than the atomic concentration of
oxygen (O) of the fourth region.

10. The semiconductor device according to claim 1,
turther comprising;:

a second conductive layer electrically connected to the
second electrode, the second electrode provided
between the second conductive layer and the oxide
semiconductor layer in the third direction.

11. The semiconductor device according to claim 1,
wherein the oxide semiconductor layer is in contact with the
third region or the fourth region.

12. The semiconductor device according to claim 1,
wherein the oxide semiconductor layer contains indium (In),
gallium (Ga), and zinc (Zn).

13. The semiconductor device according to claim 1,
wherein the gate electrode surrounds the oxide semiconduc-
tor layer.

14. A semiconductor memory device comprising:

a first wiring extending in a first direction;

a second wiring extending in a second direction intersect-

ing with the first direction; and

a memory cell,

wherein the memory cell includes

an oxide semiconductor layer including a first portion, a
second portion, and a third portion provided between
the first portion and the second portion,

a gate electrode being electrically connected to the second
wiring,

a gate msulating layer provided at least between the third
portion and the gate electrode,

a first electrode electrically connected to the first portion,
the first electrode including a first region, a second
region, a third region, and a fourth region, the first
region being disposed between the first portion and the
second region in the third direction, the first region
being disposed between the third region and the fourth
region 1n the first direction, the third region being
disposed on an oxide semiconductor layer side of the
second region, the fourth region being disposed on the
oxide semiconductor layer side of the second region,
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the first region contaiming at least one element selected
from the group consisting of indium (In), zinc (Zn), tin
(Sn) and cadmium (Cd), and oxygen (O), the second
region containing at least one metal element selected
from the group consisting of titanium (11), tantalum
(Ta), tungsten (W), and ruthenium (Ru), the third
region containing the at least one metal element and
oxygen (O), the fourth region containing the at least
one metal element and oxygen (O), the third region
having an atomic concentration of oxygen (O) higher
than an atomic concentration of oxygen (O) of the
second region, and the fourth region having an atomic
concentration ol oxygen (O) higher than the atomic
concentration of oxygen (O) of the second region,

a second electrode electrically connected to the second
portion, the oxide semiconductor layer provided
between the second electrode and the first electrode,
and

a capacitor connected to one of the first electrode or the
second electrode, and

the first wiring 1s electrically connected to another of the
first electrode or the second electrode.

15. The semiconductor memory device according to claim
14, wherein the first region 1s disposed between one part of
the second reglon and another part of the second region 1n
the first region.

16. The semiconductor memory device according to claim
14, wherein a thickness of the second region i1s smaller than
a thickness of the first region.

17. The semiconductor memory device according to claim
14, wherein electric resistance of the third region 1s higher
than electric resistance of the second region, and electric
resistance of the fourth region 1s higher than the electric
resistance of the second region.

18. The semiconductor memory device according to claim
14, wherein the atomic concentration of oxygen (O) of the
third region 1s two or more orders of magnitude higher than
the atomic concentration of oxygen (O) of the second region,
and the atomic concentration of oxygen (O) of the fourth
region 1s two or more orders ol magnitude higher than the
atomic concentration of oxygen (O) of the second region.

19. The semiconductor memory device according to claim
14, wherein the atomic concentration of oxygen (O) of the
third region is equal to or more than 1x10*° atoms/cm”, and
the atomic concentration of oxygen (O) of the fourth region
is equal to or more than 1x10°° atoms/cm”.

20. The semiconductor memory device according to claim
14, wherein the second region, the third region, and the
fourth region further contain mitrogen (N).
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